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Conformational Analysis of ~yridinyl-2-phosphonates """6 
6.1 Introduction1 
Conformations of phosphorinanes, 1,3,2-diheterophosphorinanes in particular, have been 
widely studied.2 1,3,2-Dioxaphosphorinanes and 1.3,2-oxazaphosphorinanes have received 
most interest since examples of these system are found in physiologically active molecules. 
Cyclic adenosine mono phosphate (c-AMP) is based on a 1,3,2-dioxaphosphorinane (Scheme 
6.1). It is found in all eucariotes and functions as an intracellular 'second' messenger, 'first' 
messengers b e ' i  hormones. Cyclophosphamik is a clinical anti tumor agent based on a 1,3,2- 
o~azaphosphorinane.3*~ 
c- AMP cyclophosphamide 
Scheme 6.1. Physiologically active 1,3,2-dioxa- and 1,3,2-oxazaphosphorinanes 
Three types of conformations are observed for the saturated phosphorinane ring: chair, boat and 
twist-boat (Scheme 6.2). The rings are always somewhat flattened at the phosphorus end due to 
the relatively long P a  bonds. 
A major part of the calculations described in this Chapter were performed by Drs. R.W.J. Zijlstra. 
Maryanoff, B.E.; Hutchins, R.O.; Maryanoff, C.A. in Topics in Stereochemistry, Vol. 11, Allinger, 
N.L.; Eliel, E., Eds.; Wiley: New York, 1979, p. 187. 
Corbridge, D.E.C. Phosphorus. An Outline of its Chemistry, Biochemistry Md Technology. Elsevier 
Science Publishas, Amsterdam, The Netherlands, 1990. See also: Hartley, F.R. in The Chemistry of 
Organophosphorus Compoundr, Vol. 1, Hartley, F.R., Ed. Wiley: Chicester, England, 1990, p. 1. 
Benau&,W.G. in Phosphorus-31 NMR Spectml Properties in Compound Characterization and Siructural 
Analysis, Quin, L.D.; Verkade, J.G., Eds.; VCH: New York, 1994, p. 41. 
Chapter 6 
chair boat twist-boat 
Scheme 6.2. Conformations of 5,s-dimethyl-1,3,2-dioxaphosphorinanes 
When considering the chair conformation, two extreme situations can be distinguished: mobile 
molecules, in which rapid chair-chair interconversions take place and the ones highly biased 
towards one conformer, so called anuncomeric molecules (Scheme 6.3).5 Large substituents on 
the ring show high preferences for the less strained equatorial positions and hence lock the ring 
in one predominant conformation. 
Scheme 6.3. Chair-chair interconversion of a 5,s-dimethyl-1,3,2-dioxaphosphorinane 
(left) and an ananancomeric 4-phenyl-1,3,2-dioxaphosphorinane 
Conformations of phosphorinanes can be studied by a variety of methods, including X-ray 
diffraction, NMR spectroscopy, and computational chemistry. 
Many solid-state molecular structures of 13,2-dioxaphosphorinanes have been solved using X- 
ray diffraction techniques.6 Although absolute configurations within molecules can be readily 
established, dynamics of the system are frozen out. Crystal packing effects can overcome small 
energy differences between chair and twist conformations (1-2 kcal/mol)7 of the molecules in 
the crystal lattice. Hence, crystal structures do not necessarily reflect the minimal energy 
conformations in solution. 
NMR spectroscopy allows for the study of molecules in solution, and dynamics on the NMR 
time scale can be observed. The 1.3,2-dioxaphosphorinane system contains three NMR-active 
nuclei, 1H, 13C and 31P, which are useful for conformational analyses. Chemical shifts are 
influenced by changes in the conformation of the ring, for phosphates inter alia depending on 
the smallest 0-P-O bond angle by the Gorenstein relation.* For conformational analyses, 
however, coupling constants, both homonuclear and heteronuclear, are more reliable. The 
Antcunis, M.; Tavemier, D.; Bommans, F. Bull. Chim Soc. Belges 1966, 75, 3%. 
Corbridge, D.E.C. The Structure Chemistry of Phosphorus, Elsevier: Amsterdam, 1974. 
(a) Bentrude, W.G.; Yee, K.C. J. Chem. Soc., Chem Commun. 1972, 169. (b)  Bentrude, W.G.; Tan, 
H.-W. J. Am. Chem Soc. 1973,95, 4666. (c) Bentrude, W.G.; Tan, H.-W.; Yee, K.C. J. Am Chem. 
SOC. 1975,97, 573. 
Gorenstdn, D.G. J.  Am Chem Soc. 1975,97, 898. 
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development of Fourier-transform NMR techniques has made multidimensional and multi- 
nuclear experiments available. Increasingly complicated pulse sequences are being developed 
for the study of increasingly complicated molecules. Homonuclear 1H correlated two- 
dimensional techniques like COSY and NOESY have become routine in the synthetic organic 
laboratory. Correlated spectroscopy (COSY) reveals through-bond couplings. In nuclear 
Overhauser effect spectroscopy (NOESY) intramolecular through-space contacts between 
nuclear spins can be made visible by magnetization transfer at distances up to 3.5-4 A. 
Obviously. NOESY is a powerful technique for the conformational analysis of phosphorinancs. 
Computational chemistry has gained in importance over the last decades, with the ever growing 
power of computer systems and the development of sophisticated algorithms and programs. 
Whereas several years ago it was common practice to reduce larger molecules to rudimentary 
fragments to keep calculation times within limits, today it is possible to consider the complete 
molecules. Still, for practical reasons, most calculations involve single molecules in vacuo, 
ignoring solvent-solute and solute-solute interactions in liquid media and packing effects in 
crystal lattices. For geometry optimizations this implies that calculated minimum energy 
conformations do not necessarily correspond to solution or solid-state structures of the 
molecules. Solvation and crystal packing effects can affect the potential energy surface of a 
molecule. 
In our Department of Organic Chemistry, phosphochloridate 6.1 (Scheme 6.4) has been 
studied as a derivatizing agent for the determination of enantiomeric excesses of amines, amino 
acids, and alcohols using 31P NMR spectroscopy.9 Conformations of several diastereomeric 
pairs of phosphoric esters and amides were examined with semi-empirical (PM3) methods. The 
calculations predicted that amines react with phosphochloridate 6.1 with inversion of 
configuration at phosphorus, whereas alcohols react with retention. The results were in 
accordance with NOESY and crystal structures of an arnide (R* = (R)-CH(Me)Ph) and an ester 
(R' = CH2-(R)-CH(Me)Ph) derivative.9 
Scheme 6.4. System studied by Hulst et al. (ref: 9) 
Although single-bond lengths around phosphorus deviated significantly from experimental 
values, the PM3 calculations showed that the Gorenstein relation* is also valid for the 
diastereomers of the phosphoric esters and amides studied. 
Hulst, A.I.R.L., PhD thesis, Groningen University, 1994. 
6.2 The system 
This study describes the conformational analyses of several derivatives of 2-(2-pyridiny1)-2- 
oxo-5,5-dimethyl-4-phenyl-1,3.2-dioxaphosphorinane, syntheses of which have been 
described in Chapter 2 of this thesis. The aim of this research was to establish the origins of the 
observed conformations in molecular structures of 6.2a and 6.3a as obtained from X-ray 
diffraction studies and to calculate the minimal energy conformations of other derivatives 
depicted in Scheme 6.5, for which only NMR data are available for comparison. Single point 
energies related to the optimized shuctures were calculated in the 631G* basis set. 
Furthermore, the thio analogs 6.5a and b were studied to investigate the effect of size of the 
chalcogcnide on the geometry around phosphorus. 
Finally, the minimum energy conformation of dimethyl derivative 6.6 was calculated to study 
the deformation of the dioxaphosphorinane ring as a result of the increased steric requirements 
at the benzylic position of the ring. 
Scheme 6.5. Pyridinyl-2-phosphonates investigated in this Chapter and adopted labelling 
scheme (only depicted for 6 . 2 ~ )  
For N-oxide 6.3b and N-methyl derivative 6.4b, no NMR data are available for comparison. 
It proved impossible to prepare 6.3b by the procedure applied for the preparation of 63a. 
Conformational Analysis of Pyn'dinvl-2-phospho~tes 
6.3 Geometry optimizations, the methods 
Restricted Hartree-Fock geometry opthbations of the compounds depicted in Scheme 6.5 wen 
performed at the 3-21G level for all atoms except phosphorus and sulfur, for which an 
additional set of six cartesian d-type polarization functions was included (6-3 lG*). Inclusion of 
these d-type functions is a requirement for the accurate npduction of experimentally observed 
bond lengths around phosphorus. Geometry optimization at the 6-31G* level for all atoms 
would have resulted in unacceptable increase in cpu times. The Hartree-Fock calculations of the 
compounds described, consisting of 39 (6.2, 6.5) to 45 (6.6) atoms and having C1 
symmetry, requires 207 to 260 basisfunctions. 
Although the use of unbalanced basis sets in geometry optimizations can give rise to substantial 
BSSE (basis set superposition error) effects on the geometry, the accurate reproduction of two 
solid-state structures (vide infra) justified this. 
6.4 Single point energy calculations 
The energies related to the minimized geometries for all structures under consideration were 
calculated in the 6-31G* basis set. Single point calculations of several non-optimized 
geometries were performed in order to estimate the energy barriers for rotation around the 
phosphorus-carbon bond. Since non-optimized geometries were used, these energies reflect the 
upper limits of the rotational barriers. 
6.5 Geometry optimizations, the resulkr 
6.5.1 Conformations of 6 . 2 ~  and 6 . 3 ~ ;  comparison with molecular structures 
Optimized geometries for 6.2a and 6.3a (Figure 6.1) show good correlations with the solid 
state structures described in Chapter 2, sections 2.2.3 and 2.3.1, respectively. For comparison, 
data from solid state structures and RHF calculations are collected in Table 6.1 at the end of this 
Chapter. 
Figure 6.1. RHF 3-21G/6-31G* optimized geometries of 6 . 2 ~  and 6 .3~0 
RHF 3-21Gl6-31G* refers to restricted Hartme Fock calculation in a mixed basis set. 
Calculated bond lengths around the phosphorus atom are slightly shorter: by 0.003-0.014 A for 
single bonds and 0.001-0.003 A for the exocyclic 'double' bond. Calculated angles 0 1-P1-02 
and 01-P1-03 are larger by 2 degrees, angles 02-P1-C12 and 03-Pl-C12 are smaller by 2-3 
and 1 4  degrees, respectively. The deviation in the bond angles is possibly due to the shorter P- 
O and longer P-C bonds, which are most likely caused by the BSSE effect on the geometries. 
The very small deviations are acceptably small, probably within zero-point vibrational 
displacements, and justify the use of this basis. Except for the minor deviations in bond lengths 
and angles, the RHF optimized geometries of 6.2a and 6.3a are virtually identical to the solid- 
state structures: the dioxaphosphorinane ring in 6.2a is an elongated chair as generally 
observed in these systems. In 6.3a. the ring is flattened at the phosphorus end to accommodate 
the N-oxide function. 
As stated in Chapter 2, mutual repulsion between the nitrogen lone pair (6.2a). respectively, 
the N-oxygen lone pair (6.3a), and phosphorus-bound oxygen lone pairs governs the 
conformations as observed in the crystals. The two gauche conformations, in which the 
nitrogen or N-oxygen lone pairs are positioned between endocyclic oxygen and phosphoryl 
oxygen lone pairs, are expected to be local minima on these grounds. However, optimization of 
6.2a, 'manually' put in either gauche conformation (Scheme 6.6). does not give local minima: 
the structure relaxes towards the global minimum instead. Apparently, the rotational barriers 
between these conformations are sufficiently low to allow for this relaxation to occur. 
syn-gauche 6.2a anri-gauche 
Scheme 6.6. Relaxation of gauche conformations of 6.2~ towards the global minimum 
Energy barriers, associated with rotation around the phosphorus-carbon bond, were estimated 
from the single point energies of the non-optimized conformations generated from the global 
minimum energy conformation of 6% For this, dihedral angles 0 1 -P-C 12-N, 02-P-C12-N 
and 03-P-C12-N were set at 0'. The energy differences of these points with the minimum 
energy were calculated at: 15.1. 4.1 and 3.9 kcallmol. For estimation of the single point 
energies of the gauche confomiations of 6.2a, corresponding dihedral angles were adopted 
from the optimized geometries of gauche conformations of 6.3a (vide infra). Calculated 
energies are 1 1.1 and 1 1.4 kcallmol higher than the global minimum energy. These energies 
suggest that, at room temperature, the pyridinyl moiety rotates within 90 degrees from the local 
minimum orientation to both sides. This explains the lack of NOE interactions observed for this 
compound. 
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In contrast, gauche conformations were found to be local minima for N-oxide 6.3s (Figure 
6.2). Single point calculations showed these to be higher in energy than the global minimum 
conformation by 10.16 and 10.91 kcaVmol for the syn- and anti-conformations, respectively. 
Figure 6.2. RHF 3-21Gl6-31G* optimized syn- (lefr) and anti-gauche geometries of 6.3~ 
Dihedral angles 8, defined by phosphoryl oxygen-phosphorus-carbon-nitrogen, associated with 
these conformations are -75.25" and 72.62", respectively. From the angles 02-PI-C12 (98.51" 
and 108.01 ") and 03-PI-C12 (108.91' and 98.94") it can be seen that the pyridinyl fragment is 
tilted backward to minimize repulsions. Single point energies of non-optimized geometries of 
the N-oxide with dihedral angles 01-P-Cl 2-N, 02-P-C12-N and 03-P-C 12-N 'manually' set 
at O' were calculated to estimate the rotational barrier.1° Values of 34, 18, and 17, respectively. 
kcdmol were obtained, starting from the optimized geometry of the global minimum of 63a. 
Even if a thermodynamical equilibrium exists between the minimal energy conformations, the 
global minimum conformation will have a time-averaged occupancy of effectively unity. This is 
in accordance with NMR spectroscopic data, which suggest a single conformation for 63a. 
An unexpected effect was observed in the syn- and antigauche conformations of 6.3a: the 
endocyclic P-O bond anti to the N-oxygen atom is elongated (1.600 resp. 1.606 A), whereas 
the other bond remains unchanged (1.580 resp. 1.576 A). The 02-P-03 bond angles are 
decreased by 3" relative to the global minimum conformation. This conformational change is 
probably due to the displacement of electropositive phosphorus towards the electronegative N- 
oxygen atom. 
6.5.2 Conformations of 6.2b and 6.3b 
As for compounds 6.2a and 6.3a, NOESY of 6.2b also lacks interactions of pyridinyl 
hydrogen atoms with other hydrogens in the structure. Hence, an 'inward' structure analogous 
to that of 6.2a and 6.3a was expected for 6.2b. This is indeed what is found. The optimized 
structure is depicted i~ Figure 6.4. Again, no local minimum energy conformations were found 
in the gauche orientations for 6.2b. 
Attempts to calculate the rotational barriers of 6 . 3 ~  in the semi-empirical AM1 package resulted in 
gradual change of the ring conformation to a twist-boat. 
Figure 6.4. RHF 3-21G/6-3IG* optimized geometries of 6.2b and 6.3b 
The dioxaphosphorinane ring retains its chair conformation with bond lengths and angles 
comparable to those found for 6.2a. The energy calculated for this optimized geometry is 
higher than that of 6.2a by 0.68 kcaUmo1. The small energy difference between 6.2a and 
6.2b is reflected in the product ratio of the mixture prepared from 2-pyridinylphosphonyl 
dichloride and l-phenyl-2,2-dimethy1propane-1,3-diol (see Chapter 2, section 2.2.1). The 
nitrogen atom of the equatorial pyridine ring is turned towards the dioxaphosphorinane ring to 
minimize repulsion. This is in accordance with 1H NMR and NOESY data, which point to a 
chair conformation with an equatorial pyridinyl group. Both axial hydrogens show small 
couplings to phosphorus ( 3 ~ p H  = 2.2 Hz), the equatorial hydrogen shows a large coupling 
(3JpH = 22.0 Hz). The phosphoryl oxygen atom does not occupy an 'ideal' axial position in the 
optimized geometry, it is slightly inclined towards an equatorial orientation. 
The corresponding N-oxide 6.3b showed a similar minimal energy conformation (Figure 6.4). 
The single point energy calculated for this structure is higher than that of 6.3a by 4.83 
kcal/mol. The higher energy is probably due to the close contact of the N-oxygen atom with the 
axial methyl group. No NMR data are available for this compound. 
6.5.3 Conformations of N-methylated derivatives 
In Chapter 2 (section 2.2.4) it was established that electrostatic repulsion between oxygen and 
nitrogen atoms plays an important role in the determination of the minimal energy 
conformations of 6.2a. The nitrogen atom of compound 6.2a was methylated with methyl 
trifluoromethanesulfonate to 'neutralize' the lone pair. The 1H NMR spectrum shows upfield 
shifts for the axial hydrogen atoms on the dioxaphosphorinane ring, indicating that the pyridine 
nitrogen is no longer positioned above the ring. This was confrnned by NOESY analysis: the 3- 
pyridinyl hydrogen atom in 6.4a shows significant interactions with the aforementioned axial 
hydrogens, whereas the N-methyl group does not. Proton-phosphorus coupling constants 
(3JPWar = 0 Hz; 3JPHe4 = 24.1 Hz) also point towards a single chair conformation for 6.h. 
RHF calculations for 6.4a reveal two minimal energy conformations: one with the N-methyl 
and phenyl groups at the same side of the molecule (syn), and the corresponding anti 
conformation. Both calculated structures show a twist-boat conformation (Figure 6.5). 
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Figure 6.5. RHF 3-21G/6-31G* optimized geometries of 6.4a. Syn- (left) and anti- 
confonnatiom 
The ring deformation is probably caused by the strong electrostatic potential of the system due 
to the bare positive charge. Intramolecular interaction of the electronegative oxygen atoms with 
the positive charge forces the endocyclic oxygen atoms towards the pyridinyl moiety, resulting 
in the twist-boat confomations. Obviously, geometry optimization of charged systems without 
considering a counter ion can lead to incorrect results. In solution, the charge will be 
compensated by a counter ion and by the solvent. To mimic this situation as closely as 
experimentally viable, an iodide counter ion was included in the system. The initial position of 
the iodide relative to the pyridine ring was obtained from the optimized geometry of a model 
system, N-methylpyridinium iodide. Iodine was described at the 3-21G* level. The preliminary 
result of this effort is depicted in Figure 6.6. Although the dioxaphosphorinane ring is flattened 
at the phosphorus end, the chair-like conformation is retained. 
Figure 6.6. Preliminary geometry of the anti-conformation of 6 . 4 ~  with counter ion 
Although no counter ion has been included in the calculations, both minimal energy 
conformations of 6.4b show normal chair conformations for the dioxaphosphorinane ring. The 
optimized geometries are depicted in Figure 6.7. 
Figure 6.7. RHF 3-21G/6-31G* optimized geometries of 6.4b. Syn- (left) and anti- 
confotmations 
6.5.4 Codormations of thiophosphoryl derivatives 
Comparison of the optimized geometries of 2-thia- l,3,2-dioxaphosphorinanes 6.5a and b with 
those of 2-oxa- 1.3.2-dioxaphosphorinanes 6.2a and b shows the influence of size of the exo- 
chalcogenide upon conformation of the ring. Whereas the phosphoryl oxygen atom in 6.2b is 
inclined towards the equatorial position, the phosphoryl sulfur atom in 6.5b shows a nearly 
perfect axial disposition (Figure 6.8). 
Figure 6.8. RHF 3-21GI6-31G* optimized geometries of 6 . 5 ~  (left) and 6.5b 
Sulfur-phosphorus bond lengths are relatively long:" 1.950 A and 1.983 A for 6.5a and 
6.5b, respectively when sulfur is described at the 6-31G* level. The larger P=S bond length 
for 6.5b is explained by anomeric interactions between endocyclic oxygen lone pairs and the 
antibonding P S  a*-orbital.12 Phosphorus-sulfur bond lengths are slightly smaller when sulfur 
is described at the 3-21G level (1.939 A and 1.947 A, respectively), indicating the minor 
influence of BSSE on the optimized geometries of 6.5a and 6.5b. 
Approximate range of bond lengths: 1.92 f 0.05 A. See reference 6. 
Van Nuffel, P.; Van Alsenoy, C.; Lenstra, A.T.H.; Geise, H.J. J. Mol. Struct. 1984, 125, 1. 
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6.5.5 Conformation of the dimethyl derivative 
The 1H NMR spectrum of dimethyl derivative 6.6 is markedly different from the analogous 
unsubstituted phosphonate 6.2a. The resonance for the benzylic hydrogen atom is shifted to 
lower field due to closer contact with the nitrogen atom and the phenyl resonances become 
inequivalent, indicative of hindered rotation. It was expected that the pyridinyl moiety would be 
rotated towards the benzylic position to relieve repulsion imposed by the axial methyl group. 
The RHF optimized geometry gives a different picture (Figure 6.9). 
Figure 6.9. RHF 3-2IG/6-3IG* optimized geometry of 6.6 
According to this picture, strain is mainly relieved by deformation of the dioxaphosphorinane 
ring, diminishing the difference between axial and equatorial methyl groups. The pyridinyl 
group is only slightly twisted out of plane; the dihedral angle defined by 01-P-C12-N measures 
175.4", a value that compares with the corresponding angle in the X-ray structure of N-oxide 
6.3a (174.3"). Although the diagnostic 3 ~ p H  coupling constants for axial and equatorial 
hydrogen atoms are not available in 1H NMR spectra of 6.6, the same trend is observed to a 
lesser extent in the 4JpC coupling constants for axial and equatorial methyl groups in 13C NMR 
spectra. No coupling is observed for the axial methyl group, whereas the equatorial methyl 
group displays a 4JpC coupling constant of 6.1 Hz. This value is significantly lower than 
observed for equatorial methyl groups in diphosphite-borane complexes and di(thio)phosphates 
described in Chapter 4 (4JpC = 8.5-1 1 Hz), apparently confirming the deviation from the 'ideal' 
chair conformation. 
6.6 Experimental section 
Restricted Hartree Fock calculations were performed in the Gaussian-94 package13 on Hewlett 
Packard 90001735 machines. Initial conformations were generated on a CAChe system. 
Gaussian 94. Revision B.3, Frisch. M.J.; Trucks, G.W.; Schlegel, H.B.; Gill, P.M.W.; Johnson, B.G.; 
Robb, M.A.; Cheeseman. J.R.; Kcith.T.; Petersson, G.A.; Montgomery, J.A.; Raghavachari, K.; Al- 
Laham, M.A.; W w s k i .  V.G.; Ortiz. J.V.; Foresrnan. J.B.; Peng, C.Y.; Ayala, P.Y.; Chen, W.; 
Wong, M.W.; Andres, J.L.; Replogle, E.S.; Gomperts, R.; Martin, R.L.; Fox, D.J.; Binkley, J.S.; 
Defrees, D.J.; Baker, J.; Stewart, J.P.; Head-Gordon, M.; Gonzalez. C.; Pople, J.A. Gaussian, Inc., 
Pittsburgh PA, 1995. 
Conformations were optimized at the W3-21G level for C, H, N, 0 at the HF/3-21G* level 
for I, and at the HFl6-31G* level for P and S,14 using the default Berny gradient minimization 
algorithms in Gaussian-94. Single point energies were calculated at the W6-31G* level for all 
atoms. 
Tabk 6.1. Geometrical data for 6.2~ and 6.3~. RHF 3-21G/6-31G* vs. X-ray dtTraction 
6.3a 6.3a 6.3a anti- 
syn- gauche 
gauche 
RHF X-ray RHF X-ray RHF RHF 
Energy ( A U P  -1236.2078 
Bond lengths (A) 
PI-01 1.457 
P1-02 1.589 
P 1-03 1.585 
PI-C12 1.800 





02-P1 -C 12 105.27 
03-PI-C 12 105.58 
Dihedral angles (deg) 
01-P1-C12-N1 179.72 
P 1 -02-C 1 -C2 -51.15 
P1-03-C3X2 48.81 
a 1AU (atomic unit) = 627.51 k c a h d .  
' (a) Pietro, W.S.; Francl, M.M.; Hehre. W.J.; DcFrees, D.J.; Pople, J.A.; Binkley, J.S. J. Am. Chem. 
Soc. 1982,104, 5039. (b) Francl, M.M.; Pietro, W.S.; Hehre, W.J.; Binkley, J.S.; Gordon, M.S.; 
DeFrees, DJ.; Pople, J.A. J. Chem Phys. 1982, 77, 3654. (c) Frisch, M.J.; Pople, J.A.; Binkley, J.S. 
J. Chem Phys. 1984.80, 3265. 
Table 6.2. RHF 3-2IG/6-31G* geometrical data for 6.2b, 6.3b,and 6 . 4 ~  
* 
6.2 b 6.3 b 6.4a-syn 6.4a-anti 6.4a-anti 
Energy (AU) -1236.2067 -1310.9739 -1275.6158 -1275.6128 
Bond lengths (A) 
PI-01 1.464 1.465 1.459 1.459 1.454 
PI-02 1.587 1.571 1.570 1.563 1.579 
P 1-03 1.588 1.582 1.569 1.575 1.575 
PI-C12 1.793 1.806 1.829 1.830 1.825 
Bond angles (deg) 
01-PI-02 116.1 1 116.13 116.78 118.79 116.21 
01-PI-03 115.64 115.14 118.56 116.43 116.06 
01-PI-C12 113.45 108.64 111.19 110.93 112.58 
02-PI-03 102.13 103.40 103.55 103.57 103.98 
02-P1-C12 103.33 106.45 102.24 100.95 101.44 
03-PI-C12 104.58 106.33 102.41 104.17 104.61 
Dihedral angles (deg) 
01-PI-C12-N1 -174.33 -172.41 58.54 -58.46 -65.37 
PI-02-C1-C2 -49.39 -39.18 13.21 13.61 -39.01 
P1-03x3-C2 56.43 63.71 32.68 33.39 32.33 
* hliminary results of geometry optimization with iodide counter ion. 
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01-PI-Cl2-Nl 
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PI-03-C3-C2 
